The natural supersymmetry (SUSY) requires that stop, sbottom, and gluino be around one TeV or lighter. By using the direct SUSY search bounds from both ATLAS and CMS Collaborations, we examine the constraints on the natural SUSY 
I. INTRODUCTION
As a leading candidate for new physics at the TeV scale, supersymmetry (SUSY) is strongly motivated by solving the quadratic divergence of the Standard Model (SM) and the gauge hierarchy problem as well as by providing a dark matter candidate and a radiative electroweak symmetry breaking mechanism. Compared with the situation before the startup of the LHC, the discovery of a Higgs boson [1, 2] and the significant constraints from the direct search of the LHC have driven a drastic paradigm shift in the landscape of low energy supersymmetry [3, 4] . We now know that the first two generation squarks must be heavier than 1.5 TeV or higher, though it is too early to claim the death of low energy SUSY. It should be noted that the models with light third generation squarks and/or light gluino, such as the natural SUSY models [5] , non-universal gaugino models [6] , and compressed SUSY models [7] , can still be consistent with experimental data.
The Higgs boson discovered by both the ATLAS [1] and CMS [2] Collaborations can impose significant constraint on some SUSY models. For example, the naive GMSB and AMSB models may not produce a SM-like Higgs boson with mass around 125 GeV [8] unless stops are very heavy due to the small trilinear soft A t term (For solutions, see Refs. [9, 10] .). Meanwhile, the constrained Minimal Supersymmetric Standard Model (MSSM) or the minimal supergravity (mSUGRA) model may be plagued with the fine-tuning issue in order to accommodate the Higgs boson mass [11] via loop-induced contributions. The socalled fine-tuning issue can be greatly alleviated in the next-to MSSM (NMSSM) [12] by utilizing both the tree-level free parameters and loop contributions [13] [14] [15] [16] [17] .
In addition to alleviate the fine-tuning issue in the MSSM, the NMSSM is also wellmotivated by solving the µ-problem in MSSM (for a review see [18] ). The singlino can ease the tension of experimental data and SUSY models (see [19] for more detailed discussion) in dark matter search. The NMSSM can be embedded into more fundamental theories, say the F-theory Grand Unified Theories (GUTs). The F-theory GUTs can induced unified boundary conditions to free parameters of the NMSSM and yield interesting low energy phenomenologies, as explored in [20] .
The existence of an extra SM singlet in the NMSSM can lead to a richer Higgs phenomenology when compared with that of the MSSM, there are three CP-even Higgs bosons, and two CP-odd Higgs bosons. It is noticed that both two light CP-even neutral Higgs in literatures. For example, in the reference [51] , the signature of a long lived gluino under the split SUSY has been explored. As shown in reference [52] , a broad and diverse sample of light gluino scenarios (from 350 GeV to 700 GeV) in minimal and non-minimal supergravity models are proposed. In the reference [53] , the scenarios of nearly degenerate gaugino masses are considered. The pair production of light gluino can have multi-top final states [54] and multi-b final states [55] , and it is expected that the multi-lepton and multi-b jet channels are sensitive to light gluino mass region due to the clean SM background.
The lightest supersymmetric particle (LSP) like neutralino can be a cold dark matter candidate. The light gluino scenarios can also address the dark matter relic density in our Universe via the gluino-LSP coannihilation, which motivate us to examine such scenarios with current LHC data. Among them as given in Ref. [52, 56] , the gluino-LSP coannihilation region is represented by points LG3-5. Such a scenario might lead to a long lifetime gluino and chargino, which can have interesting LHC phenomenologies, like the displaced kink appeared in the detectors, as explored in reference [57] where the signature of gluino decaying to wino-like LSP is considered. The long lived charged wino can also be captured by the silicon tracker detectors at the ATLAS and CMS experiments. More recent work on the detection of gluino-LSP coannihilaiton can be found in Ref. [35] , where the search for compressed SUSY by using monojet signature has been carefully evaluated.
Light gluino scenarios accompanied with a light third generation of squarks have been the intense search focus at the LHC. According to the SUSY search results from the ATLAS [27] and CMS [26] Collaborations, gluino mass has been excluded up to ∼ 1.3 TeV with mq mg in the CMSSM/mSUGRA. The upper limit reduces to ∼ 750 GeV with decoupled squarks.
If interpreted in simplified models, different decay patterns have been considered separately.
For the 100% decay chain:g → ttχ 0 1 (mediated by a virtualt), the allowed gluino mass has been pushed up to ∼ 1.2 TeV for the LSP lighter than ∼ 400 GeV, and ∼ 750 GeV for all available LSP masses. As for the decay chaing → bbχ which can form a R-hadron are also available, where mg 1 TeV are excluded by using the signature of slow-moving objects (low β, βγ) in the detectors.
It should be noticed that all experimental bounds at the LHC are obtained by using some simple assumptions, where typically the decay branching fraction is oversimplified to be either vanishing or 100%. In reality, to evaluate whether these light gluino models are still alive or dead, model dependence must be carefully examined. For such a purpose, a more reliable approach is the Monte Carlo simulation, where model dependence can be correctly accounted for.
In this work, we focus on the bounds to light gluino scenarios in a concrete model-the NMSSM. To incorporate the direct search for SUSY, we assume that squarks of the first two generations are heavier than 1.5 TeV, while allow the squarks of the third generation and gluino to be light. We explore two cases of interpretations for the Higgs boson data: (1) the lightest CP-even Higgs boson is around 125 ∼ 127 GeV; (2) the second lightest CP-even
Higgs boson is around 125 ∼ 127 GeV.
We find that the gluino-LSP coannihilation region in the natural SUSY models has been ruled out, and the gluino mass must be larger than 1.1 TeV. The reason can be attributed to the fact that the coannihilation region demands that the gluino is around 300 GeV.
But, due to its huge cross section, the bounds derived from the associated mono-jet process pp → j +gg and the α T analysis approach require that the gluino mass be larger than 400 GeV. It is interesting to note that the α T analysis approach is also sensitive to the coannihilation region due to a relatively large fraction of boosted data sample in the signal events. Therefore, in the natural NMSSM, in order to be consistent with all experimental data, the current bounds on gluino mass must be larger than 1100 GeV (with sbottom mass up to 600 GeV and stop mass up to 550 GeV).
The paper is organized as follows. In Section II, we describe the Markov Chain Monte
Carlo method and our scanning strategy as well as the experimental bounds except the direct SUSY search bounds. In Section III, we tabulate the main direct SUSY search bounds considered in this work, describe our workflow, and present our main numerical analysis.
In Section IV, we examine the constraints on the benchmark points proposed in literatures and propose a few new benchmark points for future LHC runs and future colliders. We end this paper with discussions and conclusion.
II. SCANNING STRATEGY
A. The setup for scanning and the MCMC method
To be general, we scan the parameter space of the natural NMSSM defined at the electroweak scale. The null search results of the signature of colored squarks at the LHC constrain the first two generation squark masses to be heavier than 1.5 TeV, which motivates us to set their mass parameters as follows:
Then we are left with a 15 dimensional parameter space (For the sake of simplicity, we fix A E = 0.) to be considered . To capture the typical features of natural SUSY and light gluino scenarios, we choose the range of these parameters as: 0 < λ < 0.7, 0 < κ < 0.7, 1.1 < tan β < 30, 100 GeV < µ < 800 GeV,
10 GeV < M 1 < 1 TeV, 100 GeV < M 2 < 1 TeV, 200 GeV < M 3 < 1.3 TeV 100 GeV < Ml = MẼ < 500 GeV.
Obviously, it is very difficult to find the typical features of such parameter space since its dimensionality is too high to scan in a grid method or in a random scanning method.
Supposed we need 10 points in one dimensional parameter space, then we need 10 15 points at least for the current situation. To circumvent such an issue of computational cost, instead, we adopt the Markov Chain Monte Carlo (MCMC) method [58] in our scanning.
The MCMC method is a sampling method to generate a chain of points of the parameter space with a density distribution consistent with experimental constraints. In this method, the computational time at its best is proportional to the dimensionality in a linear way, in contrast to the power way in the random scanning method. The MCMC method has been widely adopted in numerical analysis of many research fields, especially in astrophysics [59] .
Recently, this method has also been applied in SUSY model scanning [60] [61] [62] [63] .
The method is inspired from the Bayesian theorem which can be put as below:
where, p(H|d) is defined as the posterior probability of the hypothesis after taking into account experimental data. p(d|H) is the sampling distribution of the data assuming the hypothesis is true. And if it is considered as a function of the hypothesis for fixed data, it is called the likelihood function. p(H) is the prior probability which represents our state of knowledge before seeing the data. p(d) is the marginal likelihood which is just a normalization factor in our case and will be ignored from now.
In this work, d and H denote a set of computed experimental observables in the model and a set of model parameters given in Eq. (2), respectively. p(H|d) is the desired distribution in the parameter space of our scanning after taking into account all experimental constraints.
p(H) is taken as flat distribution in this work, which is defined as:
p(d|H) denotes the likelihood function determined by experimental constraints, which is defined as
where p(d i |H) denotes the likelihood function of each of experimental constraints.
Main experimental constraints considered in this work are listed in Table I . When the Xenon100 results are applied in our scanning, the proton-DM scattering cross section is rescaled by the formula σ SI p × Ωh 2 /0.11. And the likelihood functions p(d i |H) adopted in this work can be classified into three categories:
• Exclusion bounds imposed by setting the likelihood to be zero if the point is already excluded and to be one if it is not excluded. For example, to impose a likelihood value for all theoretical points in our scanning, we assign a zero value to a point if it is unphysical or theoretically unacceptable. Here a point is unphysical or theoretically unacceptable have quite a few meanings: the point might run into a Landau pole for some of its physics parameters at some energy scales, or might lead to a unphysical global minimum at the electroweak symmetry scale, or might have a spectra with a tachyonic mass for a particle, or might have a spectra of which the lightest neutralino is not LSP, or might fail to reach a convergent RGE solution, or might possess no electroweak symmetry breaking. And the bound of the Xenon100 and the bounds from Tevatron and LEP on the masses of sparticles and Higgs boson are realized in this way.
• Upper bounds described by step functions: [64] .
Nonetheless, our main results are not sensitive to this bound.
• Physics constraints described by Gaussian functions with well measured central values and deviations
For example, the likelihood function of Higgs boson mass is taken as a Gaussian function with a central value 125 GeV and an allowed deviation is taken as 2 GeV.
Experimental obserbables Mean vaule Deviation Ref.
Ωh 2 < 0.136 [68] Xenon100 (2012) [69] Once the likelihood function, which has incorporated all experimental constraints appropriately, has been specified, we can construct Markov chains through the Metropolis algorithm. The chain is a set of points in our parameter space, which can be labelled
We start with a seed (labelled as P 0 ). The chain can be generated by the following steps: 1) For any a point P i , i = 0, 1, 2, · · · , we compute its value of likelihood function P (d|P i ). 2) A proposed point in our parameter space labelled as P p is introduced and its value of the likelihood function is evaluated as P (d|P p ). If
, this walk is accepted and a new start point is found P i+1 = P p . If
, this walk is accepted with a probability P (d|P p )/P (d|P i ). When this proposed step is accepted, label it as P i+1 = P p ; when this proposed step is not accepted, the old point P i will be used, i.e. P i+1 = P i . 3) Repeat these two steps, after a long and sufficient walk (proportional to the dimensionality of parameter space, say 2.5 million for each case), a Markov Chain with sample points reflected the experimental constraints can be constructed.
As observed in [60] , to reduce the computational time while maintaining the sufficient sample points which capture the features of the constrained parameter space can be balanced by utilizing an appropriate proposal step in each a walk. According to the rule of thumb, a step with an acceptance rate around 25% ∼ 30% is the best one, which is realized in our scanning by trial and error.
B. Features of the Sampled Points
In our scanning, we consider two cases of the interpretations for the Higgs boson data:
in the first case, we assume that the H 1 is the SM-like Higgs boson; in the second case, we assume that the H 2 is the SM-like Higgs boson. We implement the MCMC method in NMSSMtools 3.2.1 [72, 73] and construct a chain with a 2.5 million points for each case.
The distribution of mass spectra of sparticles for both the 1st case and the 2nd case is shown in Fig. 1 .
There are a few comments on Fig. (1) in order:
• For the Higgs sector, in the 1st case, the mass of H 2 can spread in a quite large range from 120 GeV up to 1200 GeV. Similarly H 3 , A 2 and H ± are quite heavy and also expand in a large range from 300 GeV up to 1600 GeV. In contrast, in the 2nd case, the mass of H 1 is confined to be smaller than H 2 , therefore quite a fraction of H 3 , A 2
and H ± situate below 1000 GeV. • For the neutralino sector, in the first case, the lightest neutralino can spread from a few GeV to 340 GeV, and most of them are smaller than 200 GeV. The second and third neutralinos can expand from a few ten GeV to 700 GeV. In contrast, in the 2nd case, the LSP is compressed in a much smaller mass range from a few GeV to 220
GeV, while most of them situate near 100 GeV. The second and third neutralinos are also compressed in much smaller ranges.
• For the chargino sector, in the first case, the lighter chargino can expand from 100
GeV to 500 GeV. In contrast, the lighter chargino can only expand from 100 GeV to 300 GeV in the second case.
• It is interesting to noticed that the distribution of stop squarks, sbottom squarks and gluino is similar in both cases. It is remarkable that in the second case, the gluino-LSP coannihilation region is not allowed, while for the first case, such region is possible.
We also show the features of these points when projected on the mt 1 − mχ0 -4) is that the favored mass of LSP is around 100 GeV for both cases. In the first case, the LSP is Bino or Wino dominant and its mass is determined by parameters M 1 and M 2 , which is similar to the case of the MSSM. In the second case, the LSP is either higgsino or singlino dominant and its mass range is determined by µ, λ, κ, etc.
From Fig. (2) , we can read that both cases favor a relative heavyt 1 (say around 750
GeV in the first case and 700 GeV in the second case), such a tendency is determined by It is remarkable that the second case allows a narrower LSP mass range than the first case. Such a feature can be understood by a correlation existed between the singlet scalar mass and the singlino mass. The mass formulae of them are provided below:
In the second case, it is required that the lightest Higgs boson be mainly singlet-like, which will set an upper limit for M H,S 125 GeV. To guarantee the second Higgs boson mass to be m H 2 ∼ 125 GeV, a cancellation condition given below
is demanded, as pointed out in [13] . With this condition, from Eq. (8) we obtain an inequality
From this inequality we can solve out an s max which is given as
since ( In contrast, for the first case, the LSP is Bino or Wino dominant and its mass range is simply determined by the range of parameters M 1 and M 2 and there is no such a correlation exists. It is noticed that in the first case, the stop-LSP coannihilation region is allowed, while in the second case, such a region is missing. show the combined LHC bounds derived from the simplified models. In these Figs., we combined the available bounds from both ATLAS and CMS collaborations [145] . In Fig. (2), we use the bounds of pp →tt witht → tχ One obvious concern is whether all those allowed points within the bound curves are still alive or whether all points outside the bound curves are safe. To address this question, we sample 2400 points from these 5 million points (including both two cases of interpretations of Higgs boson data) to perform an analysis of the constraints from the direct SUSY searches by the LHC experiments. We have examined that the distributions of these 2400 points are similar to those 5 million points, therefore the analysis of these 2400 points can be reliably extrapolated to the sample of 5 million points.
III. CONSTRAINTS FROM DIRECT SUSY SEARCHES AT THE LHC A. SUSY search bounds from LHC experiments
To study the constraints from the direct SUSY searches by the LHC collaborations, we implement in our analysis both results of ATLAS and CMS collaborations for the datasets accumulated with the collision energy √ s = 7 TeV and √ s = 8 TeV, shown in Table ( • The jets +E / T channel is the classical search channel for the signature of pair-production of squarks and gluino. In this search channel, a large H T (defined as the scalar sum of p T of all reconstructed jets in one event) and a large missing transverse energy (denoted as E / T ) are required. The hard H T is expected if all jets are produced from the heavy SUSY particles decay. And a large E / T predicted in R-parity conserving SUSY can efficiently suppress QCD background.
Apart from these two simple cuts, some characteristic kinematic variables, such as the α T variable, the M T 2 variable, and the Razor variable, are used to discriminate SUSY signal from the SM background. Below we describe these kinematic variables in order.
As introduced in [129] , the kinematic variable α T is designed to distinguish the real E / T from the hard process and the pseudo-E / T from mis-measurement of jet. It's defined as:
for any a 2-jets final state (a multijet final state can be regrouped into a two-jet final state by using the combination algorithm that minimises the E T difference between the two pseudo-jets [148] ), where E j2 T denotes the E / T of less energetic jet. A E / T from SUSY particle decay favors a α T with values greater than 0.5, while a E / T from mis-measurement of jet energy typically leads to a α T with values smaller than 0.5.
The kink variable M T 2 is introduced in [130] , it is supposed to determine the transverse mass of a new particle from its pair production with each particle decaying to a visible daughter and an invisible one. It is expected that two reconstructed transverse masses of each particle in each an event should be the same or close to each other. Similar to the α T variable, a multijet final state can be regrouped into a two-jet final state by using the hemisphere algorithm. Typically, SUSY signals can have a larger M T 2 around several hundred GeV, while the background of the SM favor a smaller M T 2 .
The Razor variable is introduced in [131] , it is defined by CMS collaboration as:
where M R T and M R are defined as:
respectively. This variable has been used to search for SUSY signals with colored sparticles in pair production and decaying into invisible particle and jets. Signal events are characterized by a large M R and a large R (which peaks around 0.5 while QCD multijet background events peaks around zero). In this study, we have not taken into account the bounds obtained from the Razor approach, which will be included in our future work.
• The multi-jets + E / T channel is well-motivated by the signals of light squarks of third generation and signals of gluino decaying to squarks of third generation. Typically, such a signal can lead to more energetic jets, when compared with the signal of squarks of the first two generations. For example, the signal from pp →gg → (ttχ 0 1 )(ttχ 0 1 ) with hadronic top quark decays can yield lots of jets in the final state. This search channel should be sensitive to such type of signal.
• The B-Jets + jets + E / T channel can utilize the b-tagging technique, which can be very powerful to reject QCD background. This search channel can improve the sensitivity to signals of third-family squarks production and signals of gluino pair-production with gluinos decaying to the third generation squarks (both on-shell and off-shell) which can prdocue many b jets in the final states.
• The B-Jets + leptons + jets + E / T channel can utilize both the b-tagging technique and the lepton(s) (single one or two same-signed dileptons) and can reliably suppress the huge QCD background. It is supposed to be sensitive to the signal of four top final states from gluino pair production withg → tt + E / T and pp →tt → tt + E / T .
• The leptons + jets + E / T channel can utilize the high efficiency of lepton identification and significantly reject the QCD background. One single lepton, oppsite signed di-lepton and same singed dilepton channels have been considered by experimental collaborations. The channel is expected to be sensitive to pp →t 1t1 and multi-top final states.
• For the multi-letpons + E / T search channel, three or more well isolated leptons are required. Trilepton channel would be golden channel to explore chargino and neutralino pair-production which decay to LSP and leptons mediated by sleptons. In our scanned parameter regions, we observe that the chargino and neutralino can be very light, as shown in Fig. 1 . Consequently, their production rate can be very large and should be considered.
• The Z-Boson + Jets + E / T search channel is supposed to utilize two isolated leptons from a Z boson decay. Both the momenta, sign and flavor of each leptons can be measured quite well. The Z boson peak can be reliably reconstructed. This channel is designed to explore the topology with Z boson produced through neutralino decaying in the cascade decay of colored sparticles.
• The mono-jet search channel focuses on one single energetic jet originated from the initial state radiation. Typically, the p T of jet is required to be larger than ∼ 100 GeV.
And a large missing energy (E / T > 200 GeV) is required. This search channel can be sensitive to those co-annihilation scenarios, where the NLSP is almost degenerate with the LSP.
ATLAS collaboration have provided upper limits for new physics in their documents and we use those upper limits directly. While similar upper limits are missing in the documents of CMS collaboration. To extract these upper limits from the CMS collaboration, we use the method proposed in [132, 133] by assuming there is a 30% uncertainty on the possible new physics signal.
B. SUSY Experimental Bounds Implement
Below we will outline the main procedure as how to implement the SUSY experimental bounds in our study.
For each a point selected from the constructed Markov chains, we use the NMSSMtools3.2.1 [72, 73] to generate its mass spectra and decay table in SLHA format. The mass spectra are used to evaluate the cross sections of SUSY signals. For all points in our work, the most important processes include pp →gg, pp →t 1t1 , pp →b 1b1 2 , pp →χ iχj (whereχ i include both neutralinos and charginos) pair production. We notice typically that the cross sections of pp →χ
can be significantly large due to their small masses, like in the second case.
The NLO cross section is evaluated by using the package prospino2 [139] , which will be used to normalize the number of signal events in our analysis. Then, the mass spectra and decay tables are passed to the package MadGraph5 [140] , and signal events with upto two 2 We have taken into account the contribution of the process pp →b 2b2 and have found that the LHC bounds start to constrain those cases with Mb 2 < 600 GeV.
additional radiative jets for the processes pp →gg, pp →t 1t1 , pp →b 1b1 , pp →χ iχj are generated. To avoid double counting issue in the matrix element calculation and the parton shower simulation, we adopt the MLM-matching scheme with the variable xqcut = 100GeV .
Then Pythia6 [141] is used to decay the sparticles to the particles of the SM at parton level and to simulate parton shower and hadronization. We use PGS4 [142] to implement fast detector simulation. To reconstruct jets in the final objects, we adopt the anti-kt jet algorithm with the cone size parameter R = 0.5, and assume the b-tag efficiency to be 60% in accompany with a mis-tagged rate for charm quark jet as 10% and for other light quark jet as 1%, respectively.
We generate 50,000 events for each of signal processes at parton level, after matching typically we arrive at 30,000 matched events or more. The matched events will be passed to our SUSY bound analysis package to evaluate how many number of events can survive after implementing all experimental cuts.
To analyze the bounds imposed by the direct SUSY search at the LHC, we develop a systematic analysis package. The main goal of the package is to implement the SUSY constraints given by ATLAS and CMS collaborations in an ease way. With the help of our package, we can evaluate whether a model is still alive or has been ruled out. Up to now, the searches that we have implemented are given in the Table II , and we are upgrading our package by including new LHC bounds released recently. For each search channel by feeding the matched events of signal processes to our package, we can read out the selection efficiency for in each signal region. This selection efficiency finally is translated into the observed number of signal events in each signal region after cross sections and luminosity are taken into account. In order to perform an analysis similar to the LHC collaborations, for each a point we generate two independent event samples with the collision energy √ s = 7 TeV and √ s = 8 TeV, respectively.
In this work, the exclusion limits up to the observed 95% confidence level for each search channel in each signal region have been applied. Accordingly, we define the ratio R = N signal number N observed limit for each signal region in each searching channel. To derive the most stringent constraint, we choose the maximal value of R among all search channels at all signal regions.
Obviously, for a model at a specific search channel and a specific signal region, the ratio R is greater than 1 means it has been ruled out by experiments (although we have not taken into account errors, neither Monte Carlo errors nor the fast detector simulation errors). Our package yields all Rs of each signal region at each search channel. By comparing the Rs, we can find out the strongest bound, which is denoted by R max .
C. Numerical Analysis
Here we present our main results of numerical analysis. In Fig. (5) , we present the cross sections of gluino and stop in our scanning. We highlight two observations: 1) Roughly speaking, the cross sections of stop and gluino increase by a factor two when the collision energy increases from 7 TeV to 8 TeV; 2) when stop and glunio have the same mass, the cross section of gluino is 50 times larger than that of stop. It is also noticed that the cross sections are almost equal for the stop pair production and the gluino pair production if the mass of mt ≈ mg − 250 when mg = 600 GeV and mt ≈ mg − 400 GeV when mg = 1200
GeV. At the tree-level, the cross sections of pp →tt and pp →gg are simply determined by the mass parameters, while at the NLO level, colored sparticles at loop can contribute and lead to a minor change in the cross section. It is noticed that the fluctuation in the cross section of the process pp →tt near the mass region 500 ∼ 600 GeV by a few points is originated by the stop-decay threshold (mt = m t + mg) effect [134, 135] . The cross sections of pp →bb is similar to that of pp →tt. Therefore we neglect them in the Fig. (5) .
In Fig. (6) , we first examine the constraints on the signal of either the process pp →t 1t1 or the process pp →b 1b1 in the m − mχ0 1 planes, as shown in the right plot and in the left plot, respectively. The experimental bounds is the same as shown in Fig. (2) . The R max (tt) or R max (bb) is obtained by using all kinds of SUSY search analysis approaches (including both α T and M T 2 , etc.).
It is interesting to notice that the green points inside the bound curves simple indicate that the branching fraction is too small and yield too small number of signal events to be meaningfully constrained. While the black points outside the bound curves are found to be constrained by other search channels not deliberately designed for either the signal of pp →t 1t1 or the signal of pp →b 1b1 . For example, the black points outside the bound curve near the point [500, 100] in the mt − mχ0 TeV are included, the bounds to stop and sbottom have been improved, as clearly demonstrated by the scattering plots in the upper row of Fig. (7) . It is straightforward to read out that the stop mass can be excluded up to 550 GeV or so, while the sbottom mass can be excluded up to 600 GeV or so.
In Fig. (7) , we show the bounds for the stop, sbottom and gluino. In the lower row, we show bounds against the gluino mass. We observe that most of points have been ruled out/disfavored even if they can be constrained meaningfully neither by the signature of pp →t 1t1 nor by the signal of the process pp →b 1b1 . When gluino is light, say less than 800 GeV, the most stringent bound is from the signatures of pp →gg due to its large cross section and the bounds show a universal model dependence which is indicated by the width of the band. The width of band when mg < 800 GeV is around 10, i.e. the sensitivity to signature of a given mg can differ by a factor of 10. In contrast, the sensitivity of signature of pp →b 1b1 can differ even larger. Comparing the left and right plots in the lower row, we observe that the bounds have a strong correlation with the sbottom mass. This correlation, especially at the right corner with 1 TeV < mg < 1.3 TeV where lots of points with a heavy gluino have been excluded, can be attributed to the fact when the cross section pp →gg is much less than that of pp →b 1b1 , consequently the real meaningful constraint is actually from pp →b 1b1 . While such a correlation with the stop mass is weak. The width of band near the region 1 TeV < mg < 1.3 TeV become broader, since it is determined by the signature of pp →b 1b1 , instead of pp →gg.
In Fig. (8) , we show four representative constraints to the gluino signals from different analysis approaches which are supposed to be sensitive to the signature of the production process pp →gg → ttttE / T , for instance. In the upper left plot, the bound from the multijet analysis approach is demonstrated, which can exclude the signals of most models with gluino mass lighter than 600 GeV. In the upper right plot, the bound from the B-Jet plus α T analysis can exclude the signals below 900 GeV. Meanwhile, this analysis approach enjoys less model dependence than the multijet analysis approach as indicated by the width of the band formed by the points.
In the lower left plot, the bound from one lepton plus B-Jet plus E / T is shown and the meaningful constraints can reach up to 800 GeV. At the lower left corner of this plot, there are some points can not be constrained due to the small branching fraction ofg → tt + E / T and the dominant branching fraction isg → bb + E / T org → g + E / T . While in the lower right assumed to be pp →t 1t1 and pp →b 1b1 , respectively. The y-axis is the R max , and the x-axis is the mass of stop and sbottom, respectively. In the lower row, the bounds for all signals (including pp →t 1t1 , pp →b 1b1 , and pp →gg, are taken into account. The x-axis is the mass of gluino, the y-axis the R max , and the color bar indicates the mass of stop and sbottom, respectively.
plot, the bound from the same sign lepton is demonstrated and the meaningful constraint can reach up to 800 GeV or so. Obviously, both of these two channels rely upon the branching fraction ofg → tt + E / T . Although the same sign lepton mode is clean and has a very tiny SM background, its sensitivity is similar to or worse than the search channel of one-lepton + B jet + E / T due to its much smaller branching fraction.
Among these four search channels, it is worthy of remarking that the bounds from the α T analysis approach with b-tagging is the most stringent and the least model dependent.
We also notice that similar to the α T approach, the M T 2 approach also enjoy a good sensitivity and model independence, as shown in the left plot of Fig. (9) , where both the constraints from the M T 2 approach and the constraints from the mono-jet plus E / T channel are shown. We notice that the M T 2 approach can achieve a sensitivity better than the α T approach for most of points, as be revealed by the statistics shown in the right plot of of decay modes, we sum over all on-shell or off-shell decay modes into one. For example, g → t ( * )t( * ) means we count on either the on-shell or off-shell decay modes ofg → tt,g → t * t , g → tt * ,g → t * t * , and sum over all allowed decay modes. Whileg → bb ( * ) means either the on-shell or off-shell decay modes ofg → bb andg → bb * .
It is noticed that the most stringent bounds of gluino with mass lower than 1000 GeV do depend upon the branching fractions, as sensible from the width of the band of R max , which denotes the difference of sensitivity for a given mg. This difference can change by a factor of 10 when mg < 1000 GeV, which can be attributed to the fact that when the cross section of pp →gg is large enough and the branching fractions ofg → bb + / E T andg → tt + / E T can be large enough, the constraint the M T 2 analysis method with b-tagging can always have a good performance, though the branching fraction ofg → ttE / T does modify the sensitivity to some degree. When mg > 1000 GeV, the dominant signals might from either pp →b 1b1 or pp →t 1t1 , then the model dependence of the bounds increases.
It is also noticed that when gluino is around 300 GeV ∼ 500 GeV and dominantly goes to g + / E T , due to the large cross section of pp →gg and the large mass splitting between the gluino and the LSP (say larger than 100 GeV), either M T 2 or α T analysis approach can have a remarkable sensitivity to these points. Due to the fact that we assume that the squarks of the first two generations are heavier than 1.5 TeV, therefore for most of points the branching fraction ofg →+ / E T is typically negligible. At the right plot of Fig. (10) , among these 2400 points, the statistical information on how many models are excluded by which channels is provided. It is easy to read out that both the α T and M T 2 analysis approaches are overwhelmingly sensitive to most of points, while the search channels with lepton(s) (especially the multiletpon channel with the required lepton number larger than n ≥ 3, in which case the standard model background is almost vanishing) start to play a role when neutralinos and charginos are light and their production rates are large. It is also remarkable that when gluino is light and the decay modeg → bbχ 0 1
is dominant (say around 300 ∼ 500 GeV), the search channels with b-tagging can be efficient.
In Fig. (11) , we project all points in the mg − mχ0 plane so as to compare with the experimental bounds directly, which have also been shown in Fig. (4) . There are quite a lots of points outside the experimental bounds are excluded mainly due to the light sbottom in the mass spectra as marked out at Fig. (7) .
In order to examine those points of near the gluino-LSP coannihilation region, in the first case, we deliberately introduce 200 extra points which are denoted by markers of an empty diamond near the points [300,300] and [400, 360] in Fig. (11) . It is found that these points can be excluded by both the search channel of mono-jet + E / T and the search channel jets
It is remarkable that for these coannihilation points, the search channel of jets plus E / T (say, B-Jets + E / T , M T 2 and α T analysis approaches) has a better sensitivity than the channel of mono-jet plus E / T . The underlying reason is that due to the large fraction of boost data sample in the signal events (about 3 ∼ 6% of the total cross section of pp →gg) when compared with the cross section of the mono-jet events after using the mono-jet search cuts (about 1 ∼ 2% of the total cross section of pp →gg).
For the second case, there is no coannihilation region with mass splitting smaller than 20
GeV. We notice the bound of gluino mass is close to the simplified model due to the large mass splitting ∆m = mg − mχ0 1 and the energetic final states.
IV. BENCHMARK POINTS
We examine benchmark points recommended in literatures. We consider 6 benchmark points labelled by "NMP" in Table III of NMSSM listed in [137] and find all of them have been excluded by experiments to a quite high confidence level. We also check two benchmark points labelled as "EHP" of NMSSM from [138] and two benchmark points labelled as "DET" of NMSSM from [32] . We also examine the so-called light slepton benchmark point (δMτ ) compiled in Table 2 of [3] with a light slepton sector inspired by anomalous magnet momentum of muon of pMSSM (where both stop and sbottom are also light). For each of benchmark points, we perform the same analysis as those points given in Section III. The bounds obtained from each channel are listed in Table (III) .
We present our results in form: R A/C search channel, signal region , where R is the maximum ratio of N sig /N ul among all the search channels in each category of signal regions. And the letter "A" means those from ATLAS collaboration while the letter "C" means those from CMS collaborations.
jets + E / T B-Jets + E / T B-Jets + leptons + E / T letpons + jets + E / T Multilepton(ML) For the original benchmark points labelled as "NMP" and proposed in [137] , we observed that the search for the first two generation squarks already rule out all of them. So we modify the mass of the first two generation squarks to 1.5 TeV. It is noticed that the first six benchmark points are very similar in spectra and decays. Each of these six benchmark points has a gluino mass around 700∼800 GeV with electroweakinos lighter than ∼500
GeV. It is noticed that for all these six benchmark points, gluino dominantly decays tot 1 t.
Therefore there is no surprise that the search channels, like B-Jet(s) + E / T , lepton + B-Jet + jets + E / T , and same sign lepton + B-Jet + jets + E / T , are sensitive to the signals of these points. Due to the large mass splitting ∆m = mg − mχ0 1 , the gluino-LSP coannihilation can not occur, which consequently yields energetic visible final states when gluino goes to LSP and consequently leads stringent constraints for all these benchmark points.
As observed in [19] , these benchmarks points can survive the light stop search bounds when only part of direct search bounds are applied. When more direct search bounds are applied, to save these six benchmark points, it is possible by assuming that gluino mass is higher than 1.5 TeV, as done in [19] . Except glunio mass, for the third benchmark point, the stop mass must be higher (say 500 GeV, for instance).
For two benchmark points labelled as "EHP" and proposed from [138] , it is observed that the most stringent bound is obtained from the search channels jets+E / T , B-Jets + E / T (with α T and M T 2 analysis approaches), and lepton + jets + E / T , which are sensitive to the signal from the production process pp →t 1t1 . These two benchmark points have been studied in [19] and have been found to be marginally safe when only the ATLAS analysis with 2B-Jets + E / T by using 2.05 fb −1 dataset and the CMS analysis with 2B-Jets + E / T by using 4.98 fb analysis, these two benchmark points start to be in trouble. These two benchmark points can only become safe when the top squark mass is lift up to higher than 600 GeV.
About the two benchmark points labelled as "DET" and proposed recently in [32] are still marginally safe. The dominant signals of these two benchmark points are from the process pp →tt, though the signals from electroweakino's pair production are also considerable. It is observed that the M T 2 analysis method can put even more stringent bounds that other analysis method. When the updated SUSY bounds are taken into account, only the first point is marginally safe.
About the light slepton benchmark points labelled as "δMτ " and compiled in [3] , although the gluino is heavy, this point has been excluded by the LHC experiments. The most sensitive channel is from the multilepton search mode due to the large cross sections of slepton and electroweakinos' pair production, other search channels sensitive to colored objects also disfavor this point due to its light stop and sbottom.
Based on our analysis, we propose four benchmark points tabulated in Table (IV) which are safe and can be examined for the future LHC runs. TeV, as shown in [147] . Benchmark point II has a relatively light stop (589 GeV), which dominantly decay toχ 0 2 t (29%) andχ 
V. DISCUSSIONS AND CONCLUSIONS
We have extended the analysis [19, 136] by including more LHC experimental bounds. In order to test the reliability of the results, we perform a thorough check to our package. We have used 21 test points in total to compare with experimental results. These 21 test points have been tabulated in Table (V) , where TP1-7 denote benchmark points of the CMSSM as shown in Fig. 12 . And GBs and GTs are benchmark points of the simplified model,
1 with a branching fraction 100%. In addition, the test points labelled as "EW1-EW7" denote specific benchmark points designed for the electroweakinos search [149] , whose decay modes are also displayed. For test points "EW1-EW5", we assume ml = 0.5mχ± The results of 21 points are tabulated in Table ( For the multilepton channel, we list the check results separately.
Mχ0
In each row of the Table (VI) , one can read the results for each search channel. For example, it is noticed that the search channel "1-2B-Jets + 1-2L" is insensitive to all our test points, since this channel is designed for very light stop (with mass similar to, or lighter than top quark) search.
From Table (VI) , we can observe a fact that for test points "TP1-TP7", "GB1-GB3", and "GT1-GT4", the M T 2 observable is quite sensitive to most of signals, similar to our observations in Section III. Furthermore, the results for the "Multilepton" search channel also agree with experimental ones [149] very well. It is also obvious that the sensitivity of a specific search channel can perform better for the dataset of √ s = 8 TeV than that of √ s = 7 TeV due to the enhancement of cross sections, as demonstrated in the channels "Multijet" of the ATLAS and "2SSL + B-Jets" of the CMS.
In the "Jets+MHT" search channel, one can read out that for seven CMSSM test points five are all excluded except for TP5 and TP7, which is in agreement with the results of CMS-7TeV as shown in Fig. 12 . While the result for GB1 shows a minor deviation. As shown in Fig. 13 , this test point should have been excluded by the search channel "Jets + H / T ", while our result underestimates the constraint with a R max = 0.8.
We observed that most of our results agree with experimental results, though there are some results showing deviations. For example, the "GB3" is under-constrained by the 2SSL + B-Jets channel, and the "GT4" is over-constrained by the M T 2 analysis approach and is under-constrained by the multijet channel. Compared with experimental results, these deviations of R values in Table ( VI) can be typically around ±30% or so, which can only affect the results of those points near the exclusion edges of experimental results.
For example, the results of "GB3" and "GT4" should be excluded by the corresponding experimental search channels, but can survive in our analysis. When a point is far away from the edge and inside the exclusion region, our results are trustable, like the test point "GT1".
Meanwhile, we notice that when the gluino mass is shifted by ±40 GeV, the deviations can be removed and agreements can be achieved. The deviations in R can be attributed to the small fluctuations from Monte Carlo simulations and the difference between the fast detector simulation and the real detector effects. Our bottom line is that our results at least motivate experimentalists to perform a more detailed and serious bounds when all types of uncertainties are taken into account.
Based on our analysis shown above, below we comment on light gluino models in literatures. Models in the coannihilation region as demonstrated by LG3-5 given in [52] can be ruled out due to the mono-Jet search and by the α T and M T 2 analysis (due to the boosted sample events) from the CMS if the branching fractiong → gχ 0 1 is dominant. Due to the large mass splitting between the gluino and the LSP and the energetic final states, light gluino scenarios with mass range [500,700] GeV in the so-called Higgs pole region of the minimal universal SUGRA [143] is heavily disfavored. The two benchmark points presented in Ref. [55] has been excluded due to their large cross sections and large mass splittings.
We also find that even for the coannihilation region (say mg − mχ0 < 20 GeV) the mono-jet bounds can be valid for gluino mass up to 400 GeV at least, as shown by the right plot of Fig. (9) .
The last but not the least, in our scanning, we have not found points near the region TP1 TP2 TP3 TP4 TP5 TP6 TP7 GB1 GB2 GB3 GT1 GT2 GT3 with a hyphen mean we haven't look at these channels since the signal is expected to vanishing.
mg ≈ mχ0 ∼ 500 GeV. Such models should exist since there is no upper bounds for the LSP, as demonstrated in the Fig. (8c) of [144] by few red points, where the scanning ranges for parameters of neutralino and gluino are wider than those in our scanning.
With results shown above, we would like to conclude: 1) the parameter space of the natural NMSSM has been significantly shrunken by the direct SUSY search bounds from the ATLAS and CMS collaborations; 2) The gluino-LSP coannihilation region in the first case of interpretations of the Higgs boson data has been completely ruled out by the boosted signal samples. We can safely claim that the lightest gluino mass must be larger than 400
GeV for the gluino-LSP coannhilation region.
Note: When this work is finished, in the updated results presented at the Rencontres de
Moroind 2013 EW, we notice that the gluino mass must be heavier than 1.3 TeV when the squarks of the third generation are assumed to be light. Experimental bounds nearly approach the upper limit of gluino mass of the natural SUSY. 
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